After stroke, brain inflammation in the ischemic hemisphere hampers brain tissue reorganization and functional recovery. Housing rats in an enriched environment (EE) dramatically improves recovery of lost neurologic functions after experimental stroke. We show here that rats housed in EE after stroke induced by permanent occlusion of the middle cerebral artery (pMCAO), showed attenuated levels of proinflammatory cytokines in the ischemic core and the surrounding peri-infarct area, including a significant reduction in the stroke-induced chemokine receptor CXCR4 and its natural ligand stromal cell-derived factor-1 (CXCL12). To mimic beneficial effects of EE, we studied the impact of inhibiting CXCL12 action on functional recovery after transient MCAO (tMCAO). Rats treated with the specific CXCL12 receptor antagonist 1-[4-(1,4,8,11-tetrazacyclotetradec-1-ylmethyl)phenyl]methyl]-1,4,8,11tetrazacyclo-tetradecan (AMD3100) showed improved recovery compared with saline-treated rats after tMCAO, without a concomitant reduction in infarct size. This was accompanied by a reduction of infiltrating immune cells in the ischemic hemisphere, particularly cluster of differentiation 3-positive (CD3 þ ) and CD3 þ /CD4 þ T cells. Spleen atrophy and delayed death of splenocytes, induced by tMCAO, was prevented by AMD3100 treatment. We conclude that immoderate excessive activation of the CXCL12 pathway after stroke contributes to depression of neurologic function after stroke and that CXCR4 antagonism is beneficial for the recovery after stroke.
INTRODUCTION
Stroke is the main cause of adult disability worldwide. During stroke, brain function is rapidly lost due to ischemia, and the subsequent recovery of function is slow and incomplete due to neuronal death and the limited functional remodeling of remaining neuronal circuitry. While acute thrombolytic therapy is available to treat brain ischemia and prevent subsequent acute cell death, there are currently no pharmacological treatments that enhance lost neurologic functions after stroke. 1 During recent years advanced sensorimotor and language training protocols alone or in combination with magnetic or electrical stimulation of the brain, have highlighted the capacity of the injured brain to recover by stimulating its plasticity, i.e., ability to modulate synaptic function and remodel neural networks. In contrast to the relative narrow therapeutic window of neuroprotection, clinical evidence shows that targeting brain plasticity can be effective when initiated days, weeks, and even years after stroke. 2 Importantly, and in contrast to the many failed clinical trails using neuroprotective strategies, pharmacological enhancement of brain plasticity has shown efficacy in small clinical trials. 3 Hence, elucidating the fundamental processes regulating or affecting brain plasticity after stroke could provide new therapies that would enhance recovery after stroke for the benefit of a majority of stroke patients.
Brain plasticity is a composite of multiple processes affecting all brain cells, notably neurons, and is particularly prominent during development. 4 In the injured brain, additional processes influence brain remodeling, particularly the inflammatory response to injury. 5 Brain ischemia and the progressing tissue infarction after stroke trigger the release of inflammatory mediators that activate resident microglia cells or attract invading immune cells to the injured tissue, processes that may be ongoing for several months after the insult. 6 In the acute phase after stroke, inflammation is thought to induce and enhance acute or delayed cell death. Once cell death in the brain has subsided, inflammation may be either beneficial or detrimental: beneficial by stimulating the removal of debris from degenerated tissue in order to stimulate the axonal growth, or detrimental in processes of brain repair and reorganization by hampering the axonal growth. 7 In addition to local inflammatory processes in the brain, stroke also activates an immune response in peripheral lymphoid organs such as the spleen and thymus. 8 The peripheral immune response is preferentially mediated by the sympathetic nervous systems, leading to apoptosis and atrophy of the spleen and thymus and a subsequent immunodepression. [8] [9] [10] Since immunomodulators such as cytokines and chemokines are also neuromodulators, brain cells and the immune system may cross-talk and influence brain function and plasticity. 11 This is apparent when rodents are housed in an enriched environment (EE) that induces a strong multisensory stimulation to the brain, affecting multiple plasticity processes including the regulation of inflammatory mediators. 12 Likewise, enriched housing initiated days after experimental stroke enhances long-term functional recovery, which occurs without decreasing infarct size. Here, the beneficial processes stimulate glia cells to encapsulate the infarct [13] [14] [15] or enhance neuronal plasticity. 16 Importantly, enriched housing has a profound effect on the inflammatory reponse after brain injury 14 and modulates cell genesis. 17 Means to optimize the inflammatory response in order to balance the removal of debris and to stimulate brain plasticity in the injured hemisphere are indeed warranted. 18 While a general anti-inflammatory strategy would affect both repair and degenerative processes, targeting processes that modulate detrimental lymphocyte infiltration into the injured brain can be envisaged to support beneficial processes. Among the chemoattractants regulated in the brain, the chemokine CXCL12 acting on its receptors CXCR4 and CXCR7 19 has a recognized role in brain inflammation and neuromodulation. 20 Among others, CXCL12 reduces spontaneous firing in Cajal-Retzius cells 21 demonstrating its ability for neuro-inflammatory crosstalk. 22 Moreover, CXCL12 is involved in migration and mobilization of stem cells in the brain after stroke. 23 After experimental stroke, CXCL12 expression is elevated for several days 24 and closely associated with the infiltration of CXCR4 expressing cells. 25 The action of CXCL12 is not unambiguous. CXCL12 is instrumental in attracting CXCR4-expressing immune cells to tissues, aggravating tissue injury, 26 while in demyelinating inflammatory conditions 27 or infectious disease such as West Nile virus encephalitis, CXCL12 prevents the entry of cluster of differentiation 8-positive (CD8 þ ) cells into the brain at the brain-endothelial interface and therefore appears to have a protective function. 28 This study was undertaken to analyze how multisensory stimulation of the brain that improves brain function after experimental stroke, affect inflammatory processes in the brain. We demonstrate that brain activation by enriched housing downregulates the inflammatory response in the ischemic hemisphere after experimental stroke, including CXCL12 and CXCR4. We also show that attenuation of the inflammatory response by inhibiting the action of CXCL12 enhances recovery of sensorimotor function after stroke and prevents spleen atrophy. We conclude that targeting CXCL12 after stroke may provide new pharmacological treatments for improvement of recovery after stroke.
MATERIALS AND METHODS

Permanent Rat Middle Cerebral Artery Occlusion
All animal experiments were approved by the Malmö -Lund Ethical Committee and were performed according to the ARRIVE guidelines. Male, spontaneously hypertensive rats (17 weeks old) were anaesthetized with 60 mg sodium pentobarbital (60 mg/ml per kg BW). Marcain (1.25 mg/ kg) was used for local anesthesia. After dissection of the right temporal muscle, a small hole was drilled into the scull bone. The right middle cerebral artery (MCA) was localized and ligated. 14 After surgery, animals were kept on a warm blanket to maintain body temperature at 371C. The MCA was exposed but not ligated in sham-operated animals.
Transient Rat Middle Cerebral Artery Occlusion
Transient MCAO (tMCAO) was induced as described previously. 14 
Male
Wistar rats (325 to 350 g, HsdBrlHan, Harlan Scandinavia, Horst, The Netherlands) were housed under diurnal light conditions and were fasted for 12 hours before surgery. Physiologic parameters-arterial blood pressure and gases after tail artery cannulation and insertion of a catheter (SIMS Portex, Ashford, UK) for rectal body temperature-were measured and controlled within physiologic limits during surgery (Supplementary  Tables 1 and 2) . Body temperature was also measured at 1 and 2 hours of occlusion and at 1 and 2 hours of recirculation. Rats were anesthetized (initially with 4% fluothane in N 2 O/O 2 (70:30), and during surgery with 2% fluothane in N 2 O/O 2 , Astra Zeneca, Sö dertälje, Sweden) and the right common carotid artery and the external carotid artery were occluded permanently, the internal carotid artery was exposed and ligated. A nylon filament (top diameter 0.3 to 0.4 mm) was introduced into the internal carotid artery via a small incision into the distal end of the common carotid artery and advanced to occlude the origin of the MCA for 2 hours. Regional cerebral blood flow in the MCA was monitored by a flexible optical fiber connected to a laser Doppler (PeriFlux System 5000, Perimed, Järfälla, Sweden). Two hours after occlusion, a neurologic score was assessed and only rats showing rotational asymmetry and dysfunctional limb placement were included into the study.
Randomization and Treatment Protocols
Loss of sensorimotor function was assessed by the rotating pole test at 48 hours after transient or pMCAO. Only animals that were not able to cross the rotating pole were randomly assigned into treatment groups. 15 Subsequently, starting on day 2 after pMCAO, rats were housed in standard laboratory cages or EE cages for 3 days. Neurologic score was assessed by the rotating pole test at postoperative day 5 as described previously 14 and brain tissue from the same set of animals has been used for analyses in the present study.
The same inclusion criteria applied for the injection studies. After inclusion, every other rat received (1,1 0 -[1,4-phenylenebis(methylene)]bis [1,4,8,11-tetraazacyclotetradecane] , AMD3100, Tocris Bioscience, Bristol, UK), an antagonist on the CXCR4 receptor, which was dissolved in saline (final concentration 0.5 mg/kg body weight) and injected intraperitoneally every 12 hours for 3 days starting on day 2 after tMCAO. Neurologic score was obtained by the rotating pole test at postoperative day 5 and rats were killed on postoperative day 6. Mortality rate during the first 48 hours before treatment start was 8 out of 33 rats in injection study 1, and 2 out of 30 in injection study 2. Thereafter, none of the rats died.
Post Stroke Housing Conditions-Enriched Environment
The method has been described earlier. 15 Rats were either housed in standard cages (cage size: 370 Â 220 Â 190 mm þ one cage mate) or in large cages with multilevel platforms connected with beams, tubes, and ladders (cage size 600 Â 600 Â 1,200 mm together with several cage mates). The positions of moveable parts in the cage were changed every 3-4 days. After pMCAO, rats were kept for 2 days in their home cage, and randomly selected for housing in EE or standard housing for 3 days (even numbers-standard housing; uneven numbers-EE). Importantly, all animals showed severe neurologic deficit (test score on the rotating pole was below 2) before differential housing. Neurologic function was assessed by the rotating pole test that measures coordination and integration of movement and has been described previously. 15 Infarct volumes were determined as decribed previously. 14 
Serum and Collection of Cerebrospinal Fluid
Rats were anaesthetized and blood was sampled into heparinized syringes by intracardiac puncture. After incubation for 30 minutes at room temperature (rt), blood was centrifuged at 1,000 g for 10 minutes. Supernatant serum was used for cytokine analyses. Cerebrospinal fluid was collected by puncture of the cisterna magna using a capillary (top diameter 0.2 mm). After transfer into a microtube, cells were separated by centrifugation at 1,000 g for 10 minutes.
Measurement of Postischemic Cytokine Production
Tissue samples from different brain regions were collected as described previously. 14 Cytokine levels were measured from serum, cerebrospinal fluid, and brain tissue homogenates by a multiplex immunoassay kit according to manufacturer's instructions using a SECTOR Imager 6000 reader (Mesoscale, Gaithersburg, MD, USA).
Immune Cell Preparation from Brain
Rats were lightly anesthetized with isoflurane and perfused with saline for 4 minutes to remove circulating blood cells. Brains were removed, hemispheres dissected and freed from meninges. Hemispheres were dissociated by a dounce homogenizer in icecold Hank's balanced salt solution, supplemented with 0.2% bovine serum albumin, and 0.01% EDTA and passed through a 40 mm nylon cell strainer (BD Biosciences, Stockholm, Sweden). After centrifugation at 400 g at rt for 10 minutes, the pellet was resuspended in a Percoll solution (30% in Hank's balanced salt solution) and overlayed on a gradient of a 37% and 70% Percoll solution. Subsequent centrifugation was performed at 500 Â g at rt for 20 minutes. Immune cells were collected at the 37% to 70% interface and CXCL12 inhibition in poststroke recovery K Ruscher et al washed with Hank's balanced salt solution containing 10% fetal bovine serum. After centrifugation (400 Â g, rt, 10 minutes), cells were resuspended in 400 mL phosphate-buffered saline (PBS) containing 0.2% bovine serum albumin. Immediately after, cells were stained with trypan blue and counted.
Immune Cell Preparation from Blood and Spleens
During anesthesia, blood was obtained into a heparinized syringe and 200 mL was incubated with 5 mL red blood cell (RBC) lysis buffer (eBioscience cat# 00-4333-57, San Diego, CA, USA) for 5 minutes. Lysis was stopped by adding 10 mL PBS containing 2% fetal bovine serum. After centrifugation for 5 minutes (300 Â g, 41C), the supernatant was discarded and the cells resuspended in PBS containing 2% fetal bovine serum. The spleens were removed, weighed, and a portion of 10% was homogenized through a 40 mm nylon cell strainer (BD Biosciences) and incubated with 5 mL red blood cell lysis buffer and further processed as blood cells.
Fluorescence-Activated Cell Sorting Analysis
Immune cells were incubated with the following antibodies at 41C for 20 minutes: monoclonal anti-CD3 fluorescein isothiocyanate-conjugated, monoclonal anti-CD4 allophycocyanin-conjugated, monoclonal anti-CD8 phycoerythrin-conjugated, monoclonal anti-CD45R fluorescein isothiocyanate-conjugated (1:200, all from eBioscience), monoclonal anti-CD11b phycoerythrin-conjugated (1:200, Abcam, Cambridge, UK), and monoclonal anti-CD11c allophycocyanin-conjugated (1:200, AbD Serotec, Dü sseldorf, Germany). After rinsing with fluorescence activated cell sorting (FACS) buffer (PBS containing 2% fetal bovine serum), cells were incubated with fixation buffer (BD Cytofix, BD Biosciences) at rt for 20 minutes and washed with BD Perm buffer. After centrifugation (1,000 g, rt, 1 minute), cells were resuspended in FACS buffer and analyzed with a FACScalib (BD Biosciences) using the CellQuest software (BD Biosciences) for acquisition after exclusion of duplets, and FlowJo 8.8.6 (Tree Star, Ashland, OR, USA) was used for further analysis. Progenitor cells in blood were evaluated by staining with monoclonal anti-CD3-fluorescein isothiocyanate, monoclonal anti-CD4-allophycocyanin (diluted 1:200; BD Biosciences), sheep anti-mouse/rat CD34 (diluted 1:100; R&D Systems, Abingdon, UK) and donkey anti-sheep-phycoerythrin (dilution 1:10; R&D Systems). Cells were fixed with fixation buffer (Cytofix, BD Biosciences). Unstained cells and fluorescence minus one controls were used in parallel. Cells were analyzed with a FACS AriaIII and using FACS Diva software (BD Biosciences). Morphologic analysis was performed by using the forward scatter and side scatter parameters ( Supplementary Figure 1 ). Data analysis was performed by using the FlowJo (version 7.6.5) software. In all FACS experiments, cells were morphologically identified by forward scatter and side scatter, doublets were discriminated and further divided by antigen positivity.
Histopathological Analysis of Spleen Tissue
Fresh frozen spleen sections (thickness 10 mm) were stained with hematoxylin and eosin using a standard procedure, and tissues have been analyzed morphologically by light microscopy (Olympus BX51 microscope and the viewfinder 3.0.1 software, Solna, Sweden).
DNA Extraction and Quantification of DNA Fragmentation
DNA was extracted using a modified commercial Easy-DNA Kit (Life Technologies, Stockholm, Sweden). Two micrograms of DNA was . Please note that levels of cytokines measured in brain regions 3 to 5 are displayed in Supplementary Figure 1 .
separated on a 1.5% agarose gel and stained by ethidium bromide. DNA fragments were analyzed using a fluorescence imager (Typhoon 9400, GE Healthcare, Uppsala, Sweden).
Western Blotting
Proteins were extracted from brain tissue as described before. 13 Human brain tissues were used with the approval of the Lund Ethical Review Board for research involving humans (Dnr 2011/80) and in compliance with the US Department of Health and Human Services. Ten micrograms of protein was separated on a 10% SDS polyacrylamide gel. Proteins were transferred onto polyvinyldifluoride membranes. Thereafter, unspecific protein binding sites were blocked in respective buffer (20 mmol/L Tris, 136 mmol/L NaCl, pH 7.6, 0.1% Tween 20, 5% nonfat dry milk) and proteins were detected using a primary polyclonal antibody against CXCR4 (Abcam, dilution 1:1,000). After incubation overnight at 41C, signals were obtained by binding of a secondary anti-rabbit horse radish peroxidase linked antibody (1:50,000, Sigma-Aldrich, Deisenhofen, Germany) and visualized by exposing the membrane to a charge-coupled device camera (LAS1000, Fujifilm, Tokyo, Japan) using a chemiluminescence kit (Merck Millipore, Billerica, MA, USA). To detect CXCL12 proteins were separated in 10% to 20% gels (Novex Tricine system, Invitrogen, Paisley, UK). Transfer was performed onto polyvinyldifluoride membranes and immunoblotting was performed using the Snap i. 
Statistics
Western blot results are presented as means±s.d. and analyzed by oneway analysis of variance using IBM SPSS Statistics 20.0 (IBM Svenska AB, Sweden). Behavioral data and immune cell counts are presented as median with the interquartile range (Q1, Q3) and 95% confidence interval. Post hoc multiple comparisons were performed as stated in the figure legends and Po0.05 was considered significant. 
RESULTS
Enriched Environment Decreases Proinflammatory Cytokines in the Ischemic Hemisphere After Experimental Stroke
We subjected spontaneously hypertensive rats to pMCAO and then kept the animals in standard laboratory cages (n ¼ 8, STD) or EE (n ¼ 8, EE) for 3 days between postocclusion days 2 to 5 ( Figure 1A) , which significantly improved recovery of lost neurologic function. 14 On day 5 after pMCAO, we analyzed levels of the proinflammatory cytokines tumor necrosis factoralpha (TNF-a), interferon-gamma (IFN-g), interleukin-4 (IL-4), IL-5, and IL-13 in different regions of the ischemic and contralateral hemisphere as markers for the level of inflammation ( Figure 1B) . The major proinflammatory cytokines TNF-a, IL-4, IL-5, and IFN-g in pMCAO rats were generally upregulated in the ischemic core and the adjacent peri-infarct area compared with rats that underwent a sham operation; levels of these cytokines mainly in the periinfarct area and for TNF-a also in the infarct core were significantly lower in EE rats after pMCAO compared with STD rats ( Figure 1C ). Downregulation of expression of proinflammatory molecules was also evident in rats housed for 12 days in EE after pMCAO ( Supplementary Table 3 ). 15 The consistent depression of proinflammatory cytokines seen in the ischemic hemisphere of the EE groups compared with the STD groups were not observed in the contralateral hemispheres except the homeotopic neocortex with a significant reduction of TNF-a levels in rats housed in EE after pMCAO ( Supplementary Figure 2) . Likewise, there were no differences of proinflammatory cytokines in the serum of rats subjected to pMCAO and afterward housed in STD compared with rats housed in EE (data not shown). Cytokines were not detectable in the cerebrospinal fluid at 5 days after Figure 3 . Treatment with the specific CXCR4 antagonist AMD3100 suppressed immune cell invasion in the ischemic hemisphere and improved functional recovery after experimental stroke. (A) Experimental design. Male Wistar rats were subjected to transient occlusion of the middle cerebral artery (tMCAO). Two days later, neurologic deficit was evaluated by the rotating pole test and only animals with a test score of 2 or lower were randomized into treatment groups receiving either AMD3100 (0.5 mg/kg intraperitoneal twice daily) or saline (vehicle (vh), intraperitoneal twice daily) for 3 consecutive days. On day 5 after tMCAO, neurologic score was evaluated, and on day 6, brains were analyzed for the invasion of immune cells. (B) Infarct volumes of vehicle (n ¼ 5) and AMD3100-treated rats (n ¼ 5) at day 6 after tMCAO. Values are presented as mean±s.d., Student's t-test. (C) Rat sensorimotor score obtained on the rotating pole (at 3 and 10 rotations per minute to the right) 2 and 5 days after tMCAO after treatment with AMD3100 (n ¼ 8) or saline (n ¼ 8). Difference in functional recovery was significant between the two treatments (Mann-Whitney). The values are presented as the median with the 25th to75th percentiles (bars), individual scores are presented to the left. (D) Number of immune cells in the ischemic (ipsi) and contralateral (contra) hemisphere after treatment with AMD3100 (AMD) or vehicle after tMCAO. Results are presented as the median with the 25th to75th percentiles (bars) and the 95% confidence interval (CI), one-way analysis of variance (ANOVA), Bonferroni correction. (E) Effect of AMD3100 treatment on CD3 þ and CD3 þ /CD4 þ cells in the injured and contralateral hemisphere 6 days after tMCAO or sham operation. The values are presented as the median with the 25th to 75th percentiles and 95% CI, one-way ANOVA, Bonferroni correction versus MCAO AMD. FACS, fluorescence-activated cell sorting.
tMCAO of any of the animals (data not shown). Furthermore, IL-13 was not regulated in any of the brain areas (data not shown). Together, the results demonstrate that EE profoundly suppressed tissue inflammation in the ischemic hemisphere after experimental stroke.
Enriched Environment Downregulates CXCL12 and CXCR4 in the Ischemic Hemisphere
The inflammatory response to stroke, including the regulation of proinflammatory cytokines, is perpetuated by resident microglia and infiltrating leukocytes. 7 This implies that the attraction of these cells into the ischemic territory is mediated by specific regulatory mechanisms. Previous studies have shown that the chemokine receptor CXCR4 and its natural ligand stromal cell-derived factor 1 (CXCL12) are upregulated in the ischemic hemisphere after experimental stroke. 25 In sham-operated rats, we observed that basal expression of CXCL12 and CXCR4 was mainly located in neuron-like cells based on their appearance and localization in the neocortex (Figure 2A) after pMCAO, CXCL12, and CXCR4 levels increased in cells in the peri-infarct area (Figure 2A ). Immunofluorescence analysis revealed increased expression of CXCL12 in NeuN þ neurons, glial fibrillary acidic protein þ astrocytes, and OX-42 þ microglia/macrophages, and CXCR4 was found in OX-42 þ , CD3 þ , and CD4 þ cells ( Figure 2B and Supplementary Figure 3-5 ). Importantly, housing rats in EE had significantly decreased the levels of CXCL12 and CXCR4 in the ischemic core/peri-infarct border zone ( Figure 2C ). Taken together, these results show the CXCL12 and CXCR4 are upregulated in brains of rats. Importantly, the benefical effects of EE on recovery after pMCAO in rats are correlated with decreased levels of these molecules that are critically involved in immune cell attraction.
Treatment with AMD3100 Improves Lost Neurologic Function and Reduces the Number of Immune Cells in the Ischemic Hemisphere
We reasoned that if the multimodal stimulation provided by the EE depresses the CXCL12 pathways, an antagonist of CXCR4 would enhance functional recovery after stroke. Therefore, male Wistar rats subjected to tMCAO (120 minutes) were treated with AMD3100 (0.5 mg/kg intraperitoneally twice daily) starting on day 2 after stroke ( Figure 3A) . Animals having the same neurologic deficit upon start of treatment were selected ( Figure 3C ). On day 5 after tMCAO, 50% of the AMD3100-treated rats traversed the rotating pole at 3 rotations per minute (rpm), while none of the vehicle-treated rats passed the test. This improvement was also evident when the rats were tested at 10 rpm ( Figure 3C) . Importantly, no difference in infarct volume was observed between the treatment groups (vehicle: 157.07 ± 23.37 mm 3 , AMD3100: 145.51 ± 17.01 mm 3 ) ( Figure 3B) .
The AMD3100 treatment resulted in a significant reduction in invading immune cells (AMD3100: median 112,000 cells; vehicle treatment: 252,500 cells) in the ischemic hemisphere. The number of immune cells in the noninjured contralateral hemisphere did not differ (AMD3100: median 36,000 cells; vehicle treatment: 79,300 cells) ( Figure 3D ). We next examined the subpopulations of invading immune cells in the ischemic and contralateral hemispheres by FACS analysis. We found that the numbers of invading CD3 single positive (CD3 þ , 4.71%, and 10.1% of the T-cell population in AMD3100-and vehicle-treated rats, respectively) and CD3 þ /CD4 þ cells (18.4% and 39.2% of T cells in AMD3100and vehicle-treated rats, respectively) were significantly reduced in the ischemic hemisphere ( Figure 3E ), but were unchanged in the contralateral hemisphere ( Figure 3E ). We did not detect any differences between the two treatment groups after tMCAO with regard to the numbers of invading CD45R þ , CD11b þ , CD11c þ , and CD3 þ /CD8 þ cells ( Supplementary Figure 6 ), or Figure 4 . Effect of AMD3100 on CD34 þ cell mobilization after transient middle cerebral artery occlusion (tMCAO). Effect of AMD3100 treatment on CD34 þ , CD34 þ /CD3 þ , CD34 þ /CD4 þ , and CD34 þ /CD3 þ /CD4 þ cells in the blood 6 days after tMCAO or sham operation. Values are presented as percentage of total CD34 þ cells as the median with the 25th to 75th percentiles and 95% confidence interval.
CD11b þ /CD11c þ cells ( Supplementary Figure 7) . From this set of experiments, we conclude that systemic inhibition of the CXCL12 pathway substantially reduces the number of invading CD3 þ and CD3 þ /CD4 þ cells and improves recovery of function after experimental stroke.
Moreover, AMD3100 has been reported to mobilize CD34 þ hematopoetic progenitor cells from the bone marrow. 29 We sought to assess if the recovery-enhancing effects obtained in rats treated with AMD3100 correlated with an increase of CD34 þ cells in the blood after tMCAO. Rats either received vehicle (n ¼ 7) or AMD3100 (0.5 mg/kg twice daily, n ¼ 7) for 5 consecutive days with treatment initiation on day 2 after tMCAO occlusion for 105 minutes. As shown in Figure 4 , AMD3100 treatment did not increase the number of CD34 single positive cells or the number of CD34 þ /CD3 þ , CD34 þ /CD4 þ , and CD34 þ /CD3 þ /CD4 þ cells.
AMD310 Treatment Prevents Spleen Atrophy After Experimental Stroke
Stroke induces a profound downregulation of the peripheral immune system, including a loss of lymphocyte populations and atrophy of secondary lymphatic organs such as the spleen and thymus. 9 We confirm that spleen atrophy is induced after stroke and found that administration of AMD3100 for 3 days after tMCAO starting at 2 days of recovery prevented spleen atrophy (736.4±131.8 mg; vehicle: 481.7±89.1 mg) ( Figure 5A ). In vehicle-treated rats after tMCAO substantial loss of cells, irregularly formed apoptotic splenocytes, appearance of trabecular structures in the spleen, and an increase in 7-aminoactinomycin D-positive cells were found ( Figure 5B ). In contrast, in AMD3100-treated animals, the spleen tissue had a homogenous texture similar to that of sham-operated rats, and low numbers of 7-aminoactinomycin D-positive cells were observed after tMCAO ( Figure 5B) . Similarly, the spleens of AMD3100-treated rats had a higher number of splenocytes per microliter compared with vehicletreated rats (AMD3100: 139.9 splenocytes/mL, Q1 111.25, Q3 154.75; vehicle: 81.0 splenocytes/mL, Q1 41.75, Q3 107.5) ( Figure 5C ) and a significantly lower level of fragmented DNA ( Figure 5D ). Despite changes in absolute cell numbers, we observed no shift in the distribution of leukocyte subpopulations in the spleens of rats in any of the treatment groups ( Figure 6 ). In addition, analysis of blood leukocytes revealed an increase of CD3 þ cells in rats treated with AMD3100, which suggests mobilization of double negative (CD4 À /CD8 À ) immature thymocytes from the thymus ( Figure 6 ). The levels of all other cell populations analyzed were unaffected by the treatment (Figure 6 ).
To evaluate if the CXCL12 pathway is regulated after clinical stroke in a proof-of-principle study, we analyzed different brain areas from postmortem tissue from patients who had suffered a stroke. As shown in Figure 7 , increased levels of CXCR4 were detected in the infarct core and adjacent peri-infarct area of the ischemic hemisphere. In addition, levels of CXCR4 declined to levels found in the corresponding nonischemic areas of the contralateral hemisphere (Figure 7) . Together, evidence of CXCR4 in the ischemic hemisphere support the idea of an CXCR4 antagonist therapy to modulate the brain inflammatory response after stroke.
DISCUSSION
In this investigation, we demonstrated that (1) multi-sensory stimulation of the brain by enriched housing depresses the poststroke inflammatory response including the levels of CXCL12 and its receptor CXCR4; (2) pharmacological inhibition of CXCL12 action with AMD3100 improves sensorimotor function after stroke without affecting infarct size; (3) this is accompanied by a decrease in CD4 þ T lymphocytes into the brain; (4) spleen atrophy associated with experimental stroke was prevented by blocking CXCL12 action. In the following, we will discuss the Figure 6 . Effects of AMD3100 treatment on peripheral immune cell populations after transient middle cerebral artery occlusion. Effect of AMD3100 treatment on CD3 þ , CD3 þ /CD4 þ , CD3 þ /CD8 þ , CD45R þ , CD11b þ , and CD11c þ cells in the spleen, blood, and thymus 6 days after tMCAO or sham operation. Values are presented as the median with the 25th to 75th percentiles and 95% confidence interval. results in view of the influence of inflammation in general and the CXCL12 system in particular on brain plasticity after stroke at a time when the development of infarction has subsided.
After experimental stroke, brain responds by synthesizing chemoattractants that mobilize cells from blood and peripheral lymphoid organs. 30 The invading cells create havoc in the injured tissue enhancing cell death, but at later stages after stroke, when cell death has subsided, the inflammatory cells may influence brain plasticity and recovery of the remaining neural networks affecting functional outcome. 31 By 2 days after stroke, neutrophils invade the brain tissue and after 3 to 4 days, the number of T-lymphocytes increases. 32 These events in the central nervous system are followed by a marked spleen atrophy causing a long lasting immunodepression that appears to be due to activation of the sympathoadrenergic system. [8] [9] [10] Our investigation was designed to assess the influence of multisensory stimulation of recovery of brain function, i.e., on brain plasticity. Hence, treatment with AMD3100 or housing animals in an EE was initiated at a time when the contribution of inflammation on acute cell death has subsided. Importantly, inhibition of the CXCL12 pathway with AMD3100 depresses peripheral immune cell invasion into the ischemic territory, which promotes recovery of function. Specifically, we found that AMD3100 treatment inhibited accumulation of CD3 þ / CD4 þ cells, which suggests that these cells could depress neuronal plasticity in the ischemic hemisphere, 33 while the number of B cells, instrumental in recovery after MCAO, 34 remained unaffected. In addition, reduced levels of transcripts of proinflammatory cytokines accompanied with protection of blood-brain barrier integrety and reduced infarct volumes have been observed in the acute phase after pMCAO in mouse. 35 Also, after a stroke, the spleen releases immune cells diminishing its size by up to 80%, a process that is partly reversible. 36 The prevention of poststroke spleen atrophy by AMD3100 strongly suggests that the CXCL12 pathway is instrumental in the release process ultimately leading to spleen atrophy. Our data suggest that blocking CXCL12 action may prevent the perpetuation of a vicious cycle that is initiated by release of proinflammatory compounds from the brain concomitant with a sympathoadrenergic surge mobilizing immune cells from the periphery and leading to atrophy of lymphoid organs. Our results also support the idea that CXCR4 antagonism may actively block programmed cell death in spleen. 8 The mechanisms by which inhibiting the CXCL12 pathway improves recovery could be due to a direct action on CXCR4/7 expressing detrimental immune cells. Alternatively, CXCR4 antagonism may modulate neurotransmission by direct action on neurons 21 or reactive astrocytes 37 in the peri-infarct area, thereby promoting a milieu permissive for the formation of new neuronal circuits in the ischemic hemipshere. 37 After experimental stroke in mice, CXCL12 promotes angiogenesis and migration of neuronal and endothelial progenitor cells (EPCs) in the ischemic territory. 23, 38 Endothelial progenitor cells are thought to secrete growth factors and other neuroprotectants that in concert mediate beneficial actions in the ischemic hemsiphere. 38 In that context, it can be envisaged that the CXCL12 pathway is important in homing of EPCs to the ischemic territory, and hence blockade of the CXCR4 by AMD3100 would be detrimental. It is, however, more likely that AMD3100 depresses the deletrious homing of inflammatory cells, while the importance of EPC in the context of our study may not be of prime significance for recovery. Indeed, neurogenesis and gliogenesis in the poststroke brain is markedly attenuated when animals are housed in an EE, 17 in accord with the findings of a decrease in growth-promoting cytokines and chemokines in brains of animals housed in enriched cages. Also, the action of EPCs is observed in immune-deficient nude mice 38 and therefore, the poststroke inflammatory response might have been critically attenuated contributing to the beneficial effects on recovery after MCAO, as observed in the present study. Hence, current data indicate that dependent on the spatiotemporal expression of CXCL12 and CXCR4, this chemokine pathway is involved in early neuroprotection but has adverse effects in the delayed inflammatory response after stroke. 35 Further studies are required to determine the extent to which different CXCL12 isoforms contribute to the mechanisms of neuronal plasticity during reorganization of the ischemic hemisphere. Recently, it was demonstrated that CXCL12 affects the function of GABAergic neurons at the infarct boundary 39 and upregulation of CXCL12 in glial cells promotes differentiation of oligodendrocyte precursor cells, which are important for remyelination in the ischemic hemisphere. 40 While these potentially beneficial long-term processes require the activation of the CXCL12 pathway, our results show that immoderate excessive activation during the first week is detrimental for recovery of function after stroke supporting a dual role of this pathway after stroke.
In conclusion, we show that multimodal sensorimotor stimulation by EE depresses the inflammatory response occuring in the ischemic hemisphere after experimental stroke. Moreover, we provide evidences for the involvement of the CXCL12 pathway in migration of T-cell populations into the ischemic hemisphere that is detrimental in stroke-injured rats. Pharmacological inhibition of CXCL12 binding to its receptors during the first week after stroke promotes long-term recovery, importantly without affecting the infarct size. Hence, the CXCL12 pathway may be an attractive pharmacological target to modulate immune cell recruitment into the ischemic territory and improve functional recovery after stroke.
